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INTRODUCTION 
The impact-echo technique involves introducing mechanical energy, in the form 
of a short pulse, into a structure. A transducer mounted on the surface of the structure 
receives the reflected waves, or echoes, from discontinuities in the material and 
measures motions created by the impact in the time domain. The predominant frequency 
is read by an FFT Analyzer, and the propagation velocity, which is a function of the 
frequency and the travel distance through the specimen, is calculated. After the 
particular relationship between propagation velocity and compressive concrete strength is 
established from the testing of concrete cores, the mean strength of the concrete 
throughout the section can be estimated. 
The impact-echo method was recently used to estimate the concrete strength in 
the piers of the Colorado Street Bridge in Pasadena. The eleven-span arched concrete 
bridge, built in 1913, served for many years as the major connection between Pasadena 
and Los Angeles. It is presently undergoing restoration and seismic upgrading. 
Information on the compressive concrete strength was required for the seismic 
evaluation. 
The impact-echo technique provides a rapid non-destructive evaluation of the 
average condition through the concrete rather than relating to some surface phenomenon. 
This paper describes the testing method and evaluates test results. 
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THE COLORADO STREET BRIDGE 
The Colorado Street Bridge in Pasadena, California, is an open spandrel, eleven-
span arched reinforced concrete structure built in 1913 (Fig. O. At 1466 ft long and 
151 ft above the bed of the arroyo, it was the longest and highest concrete bridge of its 
time built in the United States. The bridge features extensive decorative detailing and 
picturesque refuge bays set into the side railings on each pier. The bridge was designed 
by Joseph Alexander Low Waddell, one of the nation's foremost bridge engineers, and 
built by John Drake Mercereau, a well known California builder. 
The two-lane bridge served as the major connection between Pasadena and Los 
Angeles until the 1950's, when an adjacent bridge was built. Left with only minimal 
maintenance the old bridge started to deteriorate. By the late 1980's the concrete 
showed severe cracking, softening of the paste and residue of efflorescence. The 
concrete arches exhibited extensive spalling and concrete delamination, particularly in 
areas where the concrete had been exposed to constant leakage. Reinforcing steel was 
exposed and loss had occurred in many locations where corrosion had caused the 
concrete to spall (Fig. 2). 
The historic value of the bridge made it desirable to retain the structure and the 
State of California Department of Transportation agreed to fund the restoration if the 
load capacity could be brought up to modem highway standards. A series of condition 
studies by the consulting engineers resulted in a rehabilitation scheme which retained the 
arches, piers and foundation, while replacing the deck with new sections, matching the 
appearance of the original bridge design. 
SELECTION OF CONCRETE TEST METHOD 
Bringing the bridge up to modem earthquake standards necessitated an increase 
in the seismic capacity of the bridge piers. To preserve the old piers, the engineers had 
to install new, internal reinforcing, and they had to know the condition and the strength 
of the concrete in the piers. The standard procedure for obtaining strength data is by 
compression testing of concrete core samples. Data obtained from core testing is very 
site specific. The advanced deterioration of the pier surface indicated a potential for 
variation in the concrete strength throughout the massive pier sections. 
Propagation velocity vs. strength relationship can be established for concrete. The 
pulse velocity procedure as outlined in the ASTM C597 "Standard Test Method for 
Pulse Velocity Through Concrete" is widely used in the industry. However, in the pulse 
velocity method, access from opposite sides of the structure is needed to conduct the 
tests. To test large structures such as bridge piers, getting access from opposite sides is 
often difficult, time consuming and hence expensive. 
To obtain an estimate of strength that better reflected the overall condition of the 
concrete piers, the impact-echo method was chosen. This method allows readings to be 
obtained fast from throughout the tested concrete element and the data reflects the 
average strength of the concrete rather than a site specific condition. 
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Fig. I Colorado Street Bridge 
Fig. 2 Concrete deterioration 
REVIEW OF THE IMPACT-ECHO TECHNIQUE 
In the impact-echo technique a short stress pulse is introduced into a structure by 
striking the surface. The impact produces three types of waves: a) longitudinal, b) 
shear and c) surface waves (Fig. 3). The longitudinal and shear waves created by the 
pulse from the impact are reflected from external boundaries and internal discontinuities 
such as cracks and embedded reinforcing steel. The waves are reflected in about the 
same way light is reflected from the glass-to-air interface of a binocular prism. Minor 
pulse reflections may also occur from the sides of the element or from mortar-to-
aggregate interfaces. The signal is further complicated by reflections from surface and 
shear waves with velocities different from the primary longitudinal wave. A transducer 
mounted on the surface of the structure measures motions created by the impact in the 
time domain. This very complex signal is sorted into its component frequencies by a 
Fast-Fourier Transform (FFT) analyzer. This analyzer breaks down the signal into 
frequencies representative of reflections from the "back" side of the slab or wall, 
frequencies due to reflections from major discontinuities, and general noise due to 
multiple surface reflection. The impact-echo method is also sensitive to surface finish; 
the rougher the surface, the "noisier" the spectrum. 
The primary equipment in impact-echo testing consists of an impact source, a 
receiving transducer and an FFT analyzer. Depending on the particular type of structure, 
spring-loaded impactors, modal hammers, sledge hammers or small diameter ball 
bearings can be used as impact sources. Accelerometers or other transducers used in 
acoustic emission testing and ultrasonic testing with adequate frequency response can be 
used as receiving sensors. Today's FFT analyzers, commonly used in rotating 
equipment analysis, is a good choice for data acquisition. These analyzers have 
frequency ranges up to 100 kHz, with good resolution. Most are equipped with built-in 
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data storage (hard disk or micro-floppy disk drive). A personal computer with data 
acquisition hardware and FFf software can also be used in lieu of "standalone" FFf 
analyzers. 
In the impact-echo method, propagation velocity is determined by the following 
formula: 
Propagation Velocity = 2 x thickness x frequency 
Propagation velocities in concrete can be used to determine general quality of the 
concrete, since the longitudinal wave velocity for an infinite, homogeneous, isotropic, 
elastic medium can be shown to be: 
where 
Propagation Velocity = 
Ed = Dynamic Modulus of Elasticity 
p = Material Density 
'\) = Poisson's Ratio 
Ed (I-v) 
P (l+v) (1-2v) 
Calculated velocity is very sensitive to the value of Poisson's ratio. The error in 
determining the poisson's ratio within 0.05 leads to an error in the calculated velocity of 
about 6%. 
IMPACT-ECHO SURVEY OF BRIDGE PIERS 
The impact-echo survey was performed on 16 bridge piers. The size of the piers 
varied from 35.42 ft high with a cross section of 8.9 ft x 3.9 ft to 82.7 ft high with a 
cross section of 15.7 ft x 7.4 ft. A number of test locations were selected to cover the 
full height of the pier and at each location a series of readings were made to assure that 
a consistent and repeatable response was produced (Fig. 4). 
Fig. 3 
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Representation of the impact-echo technique 
The average predominant frequency reading at each test location and the physical 
measurement of the pier depth was used to determine the pulse velocity. For example, 
a spectrum plot of a test conducted on Pier No. 3N shows a primary frequency at 1000 
Hz (Fig. 5). At this location, the depth of the pier is 61 in. Using the formula a 
velocity of 122,000 in /sec (61x2xlOoo) or 10,167 ft/sec is obtained. Similarly, a 
spectrum plot of a test conducted on Pier No. 7N shows a primary frequency of 1375 Hz 
(Fig. 6). With a pier depth of 65 in., a pulse velocity of 14,896 ft/sec is obtained. 
125.E-3 
V RMS G t n 
L-----__ 
0.00 Hz 
1 • 
• 
Fig. 4 Typical test locations on piers 
MEMORY A 
ItS t ns 'PQC 
1000 Hz/61 In. 
--
~ 
~ 
, 
J\.. 
LJ-l ~1 ~~ 
I 
L 
~ n ~ 
~ ~V lM lJ\ 
in L Y 125.E-3 
109.E-3 
93.7E-3 
78. lE-3 
62.SE-3 
I I I 
I I 46.8E-3 
I I ! 
I 
31. 2E-3 
I 
! 
V J~ 
lS.6E-3 
o.ooE+o 
II: 125.00 Hz 
FI 1000.0 
AI 113.E-3 
50000. Hz 
Log X 
Frequency, Hz 
Fig. 5 Spectrum plot of a test on Pier No. 3N 
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Fig. 6 Spectrum plot of a test conducted on Pier No. 7N 
The propagation velocity was obtained at each test location on each pier, and 
then the mean velocity for the full height was calculated. 
RESULTS OF IMPACT-ECHO SURVEY 
The data obtained by impact-echo testing gives no direct measurement of strength 
properties. To be useful to an engineer, the results should be related to concrete 
strength. To develop a reliable estimate of the strength of the concrete in the structure, 
the relationship between propagation velocity and concrete strength must be established. 
This relationship is, however, influenced by many factors, such as proportions of the 
mix, moisture content and age of the concrete. A relationship on new, sound specimens 
is not valid for predicting strength of old concrete that is deteriorating. Therefore, 
propagation velocity/compressive strength relationship for old concrete must be 
established by testing site specific samples of the concrete. 
Results from compression tests of concrete cores were available from five of the 
16 piers included in the impact-echo survey. These test values were used to correlate 
the relationship between calculated propagation velocity and the tested concrete core 
strength. (Fig. 7). 
Mter the relationship between propagation velocity and compressive concrete 
strength had been established, the average concrete strength for all the piers was 
estimated. The tabulated data are shown in Table I. 
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Table I Test Results 
Impact-Echo Velocity, ft/sec Estimated 
Pier No. 
Core Strength, Strength 
psi Mean! Mean!Std. Dev. Range Standard Dev. psi 
2N 1145 7,000 - 9,375 8,18811 ,679 11301270 
3S - 10,688 - 12,000 11,287/571 1629/92 
3N 1960 10,167 - 14,896 12,85011 ,765 18811284 
4S 1740 7,438 - 11,042 9,355/1,177 1318/189 
4N - 11,917 - 13,750 12,8231730 18771118 
5N - 10,833 - 16,250 13,10412,239 1922/360 
6S 1723 10,667 - 14,896 11,736/1,615 17011260 
6N - 9,938 - 14,250 12,18811,667 17741268 
5S 1740 11,333 - 13,333 12,511/511 18261124 
7S - 11,250 - 15,500 13,88311 ,937 2047/312 
7N - 11,000 - 16,791 14,00412191 2067/353 
8S - 12,917 - 15,583 13,85411,022 20421165 
8N - 13,333 - 16,500 15,20811338 22601215 
9S - 11,375 - 15,938 13,14612,047 1929/330 
9N - 10,500 - 16,167 12,808/2,254 1874/363 
ION - 9,271 - 13,271 11 ,29611 ,649 16311267 
Table II Comparison of Compressive Strength: 
Core Tests Versus Estimated 
Compressive Strength, psi 
Pier No. 
Core Tests Estimated/Std. Dev. 
4S 1915 13181189 
6N 1435 1774/268 
5S 1740 18261124 
6S 1697 1653/329 
7N 2160 2067/353 
8N 1620 22601215 
2237 
EVALUATION 
u 14,000 
G» (I) 
-
... 
.... 
>' 12,000 
t-
O 
9 
w 10,000 
> 
8,0001..----:--1-...£...---'-__ ....1...-_----1 
500 1000 1500 2000 2500 
CONCRETE STRENGTH, psi 
Fig. 7 Propagation velocity vs. concrete core strength 
As control to the estimated strength from the impact-echo survey some additional 
concrete cores from the bridge piers were tested and the results compared (Table II). 
The comparison showed fairly good agreement between results from core testing and the 
estimated Impact-Echo data. It must be understood that the impact-echo method 
estimates general quality throughout the concrete section, adjusting for high strength in 
some areas and soft spots in others, while the results of the core testing reflects one 
specific quality in one specific location. 
CONCLUSION 
The advantage of NDE testing of concrete, such as Impact-Echo Technique, is 
that many measurements can be taken fasten and cheaper than traditional core testing. 
The pulse velocity method penetrates the full thickness of the member, and the results 
reflect the often more useful, average strength rather than a site specific result, as 
obtained from traditional concrete core testing. More experience however, is required in 
order to better establish the correlation between propagation velocity and concrete 
strength. 
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